Thermophilic bacteria are adapted to elevated temperatures in several respects. To elucidate the molecular basis of thermophily, extensive studies have been performed (1, 32) . In general, proteins from thermophilic bacteria have an optimum activity at high temperatures and these proteins are more thermostable than those of mesophilic organisms. These properties are often the result of subtle changes in hydrophobic interactions, hydrogen bonds, sulfur-sulfur bonds, and ionic bonds within these proteins (2, 29) . At the membrane level, thermophilic bacteria also differ from mesophilic bacteria with respect to fatty acid and polar headgroup composition of the phospholipid bilayer. As a result, the microviscosity of the cytoplasmic membrane and physiological features such as protein-lipid interactions or ion conductivity are adjusted to elevated temperatures (4, 31) .
Thermophiles are often applied to biotechnological purposes, since their enzymes can catalyze processes at higher temperatures (3, 33) . Of particular interest are fermentative thermophilic bacteria since these organisms can be applied in waste treatment systems or in fermentation processes such as the conversion of polysaccharides to ethanol (3, 33) .
Except for some preliminary studies on ATP-linked sugar transport in whole cells (16, 26) , an essential aspect of the physiology of fermentative thermophiles, i.e., the import of solutes and export of metabolic (end) products, has received little attention. Since it is difficult to obtain reliable information about the biochemistry of solute transport systems from studies with intact cells, solute transport systems are preferably studied in isolated membrane vesicles (21) . It has been realized that in isolated membranes of fermentative organisms the primary proton pump, the membrane-bound H+-ATPase, is not accessible to externally added ATP. The generation of a proton motive force by the ATPase is therefore not possible. Artificially, a proton motive force can * Corresponding author. be generated by imposed diffusion gradients of weak acids (23) or ions or both in the presence of ionophores (19) . However, the transient character of these gradients, especially at elevated temperatures, severely limits their applicability for detailed studies of proton motive force-dependent solute transport processes. An elegant and efficient solution to this problem has been found in the incorporation of foreign primary proton pumps by fusion of the membrane vesicles with proteoliposomes containing these pumps. These fused membranes have proved to be very useful for the study of amino acid transport in membranes of fermentative mesophilic organisms such as lactococci and Clostridium acetobutylicum (5, (8) (9) (10) 12) . To study solute transport systems in membranes of a thermophilic fermentative bacterium at or around the growth temperature, a fused membrane system which contains a thermostable and thermoactive primary proton pump is required.
Recently, the thermostable and thermoactive cytochrome c oxidase from Bacillus stearothermophilus has been purified and reconstituted in liposomes (36) . The use of B. stearothermophilus cytochrome c oxidase as a generator of the proton motive force by incorporating this enzyme into membrane vesicles of the thermophilic fermentative bacterium Clostridium fervidus enabled us to study amino acid transport in this latter organism. This is the first report of such a study in a thermophilic fermentative bacterium.
MATERIALS AND METHODS
Abbreviations. AfrN,+, Transmembrane chemical gradient of sodium ions; Afrscr, transmembrane chemical gradient of serine; Ap, proton motive force; ApH, transmembrane proton gradient; Atv, membrane potential; MES, 2(N-morpholino)ethanesulfonic acid; SF-6847, 3,5-di-tert-butyl-4-hydroxy-benzelidene malonitrile; TMPD, N,N,N',N'-tetramethyl-p-phenylene-diamine; TPP+, tetraphenylphosphonium ion.
Cell growth and preparation of membrane vesicles. C. fervidus ATCC 43204 was grown at 68°C in tryptone-yeast extract-glucose medium as described by Zeikus et al. (36) with the modification that the final concentration of resazurine was 5 x 10-4%G (wt/vol). A vitamin solution as described by Stams et al. (34) (final concentration, 0.1%) and Na,S (final concentration, 5 mM) were added to the sterilized medium. The cells were grown anaerobically in serum bottles, and medium was flushed with oxygen-free nitrogen.
Exponentially growing cells were harvested at an A6(6 of 0.30 to 0.35.
Membrane vesicles were prepared as described by Konings et al. (22) . The lysis temperature was kept at 50°C.
Membrane vesicles were suspended in 50 mM potassium phosphate or sodium phosphate (pH 6.0) (5 to 10 mg of membrane protein per ml), rapidly frozen, and stored in liquid nitrogen. Purification of B. stearothermophilus cytochrome c oxidase.
B. stearotherinophilius cytochrome c oxidase was purified as described by De Vrij et al. (6) (27) . An To discriminate among these possibilities, we studied uptake of the neutral amino acid serine under conditions such that only a A+i, a ApH, or a chemical gradient of sodium ions was imposed (Fig. 1) (Fig. 1) . When both a chemical gradient of sodium ions and a A/ were applied, the uptake of serine was even further stimulated (Fig. 1) . These observations indicate that the uptake of serine is electrogenic and sodium dependent. The uptake of the other amino acids tested appeared to depend similarly on the presence of sodium ions (data not shown), showing that the amino acid transport systems from C. fervidus are most likely Na+-solute symport systems.
The cation specificity of the serine transport system was examined in more detail by measuring the effect of different cations on the uptake of serine (Fig. 2) . Potassium-and acetate-loaded membrane vesicles preincubated with valinomycin were diluted 100-fold into an MES buffer ( observed (Fig. 2) . These results indicate that serine is symported with Nat or Li'.
Uptake of amino acids in fused membranes. In the preceding section, it was shown that uptake of amino acids upon imposition of artificial gradients had a transient character. This phenomenon makes it impossible to obtain more conclusive information about the relations between the proton motive force, the sodium ion gradient, and the uptake of the amino acids. To establish membrane potentials or pH gradients for a prolonged period, we incorporated cytochrome c oxidase from B. stearothlermfphlilus into membrane vesicles of C. fterividits by the membrane fusion technique. Membrane vesicles of C. fervidli.s were fused with liposomes containing cytochrome c oxidase from B. steair-othelwrnophillus (0.4 nmol of heme a per mg of phospholipid) in a ratio of 0.1 mg of membrane protein per mg of phospholipid. At pH 6.0 and 40°C, oxidation of reduced TMPD in the fused membrane system led to the generation of a Ap, consisting of a high zt4 (-130 mV) and ZApH (35 mV). Under these conditions, a high accumulation of serine was observed in the fused membrane system, while no uptake of serine was observed in the presence of reduced TMPD in the membrane vesicles of C. fer'idus or in the proteoliposomes containing the oxidase (Fig. 3) . These results show that fusion of both membrane preparations had occurred and confirm that the z\p or one of its components can act as a driving force for uptake of serine.
To obtain more support for the crucial role of Na t, we studied the uptake of serine in fused membranes upon 10-fold dilution in potassium phosphate or sodium phosphate buffer at pH 6.0. Dilution (10-fold) of the fused membranes into potassium phosphate buffer resulted in a very low uptake even in the presence of the electron donor system ascorbate plus TMPD. However, dilution of the fused membranes into sodium phosphate buffer led to accumulation of serine even in the absence of the electron donor (Fig. 4 ).
Higher uptake rates and steady-state levels of accumulation of serine were observed upon dilution of the membranes into sodium phosphate buffer in the presence of a Ap generated by the cytochrome c oxidase (Fig. 4) . The protonophore SF-6847 (300 nM) had no effect on sodium ion gradientdriven serine uptake, indicating that no significant reversed Atj was generated.
The uptake of serine by the fused membranes in the presence of sodium ions ([Na+] in = [NaIl,,,,) and a Ap could be inhibited in several ways (Fig. SA) . The addition of the protonophore SF-6847 (300 nM) before the radioactively labeled amino acid was added completely abolished the generation of a Ap and also the uptake of serine. Preincubation of the membranes with the cytochrome c oxidase inhibitor cyanide (2 mM) also led to complete inhibition of serine uptake. Specific collapse of the membrane potential by the addition of the ionophore nonactin (4.5 F.M) resulted in an increase of ApH (data not shown) but completely reduced serine uptake, supplying additional evidence that serine is not symported with protons (Fig. 5A ).
Strong support that sodium ions instead of protons are symported with serine was supplied by the observation that the sodium/proton exchanger monensin (20 nM) at low external pH strongly enhanced the rate and the steady-state level of serine uptake (Fig. SB) . In the presence of monensin, the pH gradient is completely interconverted into a tA RNa+ with some increase of the membrane potential (data not shown).
Mechanistic stoichiometry of serine transport system. The results presented above demonstrate that a pH 6.0 serine transport is electrogenic and that serine is symported with at least one Na+ ion. To determine the stoichiometry, we determined the relation between the membrane potential and the chemical gradient of serine in the fused membranes in the absence of a chemical gradient of sodium ions ([Na+Iin =
[Na+]0u,). A/ was varied by manipulating the concentration of reduced TMPD. Atj and serine uptake were measured simultaneously. At thermodynamic equilibrium between the driving force for serine uptake and the chemical serine gradient, the mechanistic stoichiometry (n) can be derived from the equation -ZAPrscr = nAtl -n ZAfrNa+. The absence of a chemical gradient of sodium ions simplifies this equation to -ZAfser = nA\*. The steady-state level of accumulation of serine depended linearly on the A1', indicating that the Na+-serine stoichiometry was constant at different Ail values. A stoichiometry (n) of 0.9 can be calculated from the slope of this linear relationship (Fig. 6) .
Kinetic analysis of serine transport in hybrid membrane system. The kinetic constants of the Na+-serine symporter for Na+ and serine were determined in the fused membranes at 40°C and at an external pH of 6.0 by using the incorporated cytochrome c oxidase as a generator of Ap by adding the electron donor system ascorbate plus TMPD. The initial rates of serine uptake were determined in the serine concentration range of 1.5 to 35 FM and in the presence of 50 mM Na+ and 20 nM monensin. Eady-Hofstee analysis indicated a high affinity for serine (K, = 10 ,uM) with a Vmax =53 nmol/min per mg of protein (data not shown). The affinity of the serine transport system for sodium ions appeared to be rather low, since the sodium ion contamination from glassware (which can account for up to 100 FM) was not sufficient to allow a significant rate of uptake of serine. Eady-Hofstee plots of the initial rates of serine uptake as a function of the Na+ concentration at a saturating concentration of serine (44 p.M) indicated a K, of 2.5 mM.
i-Glutamate uptake in hybrid membrane system. The uptake of the acidic amino acid L-glutamate was also studied in more detail in the fused membranes (Fig. 7) . The generation of a Ap by the incorporated cytochrome c oxidase did not lead to significant accumulation of L-glutamate, irrespective of the absence or presence of sodium ions ([Na+1in =
[Na+]10,). However, the addition of monensin (20 nM) in the presence of Na4t resulted in the interconversion of the ApH into a chemical gradient of sodium ions and led to a high rate of L-glutamate accumulation (Fig. 7A) . These data indicate that the symport of Na+ and L-glutamate is an electroneutral process and occurs most likely in a 1:1 stoichiometry. This was confirmed by applying an artificial chemical gradient of sodium ions, which led to high accumulation of L-glutamate (Fig. 7B) . Additional Ap generation by the cytochrome c oxidase did not improve the uptake rate or the steady-state level of L-glutamate accumulation (Fig. 7B) on May 2, 2016 by guest http://jb.asm.org/ Downloaded from permeability leads to a decreased Ap. More rigid phospholipids isolated from thermophilic bacteria should be used for transport studies in fused membranes aIt extremely high temperatures. The applicability at elevated temperatures of this fused membrane system can also be restricted by the oxygen supply and the high evaporation rate of the reaction mixture. The introduction of reaction centers from thermophilic phototrophic bacteria as Ap generators in these fused membrane systems can be used to avoid these problems and allow uptake in closed vessels under strictly anaerobic conditions with light as an energy source (5. 10).
The fused membrane system made it possible to characterize some properties of the serine transport system in more detail. Serine was shown to be transported by a high-affinity transport system in this organism (K, = 10 pLM). A linear relationship was found between the steady-state level of accumulation of serine and the sip. The slope of this linear relationship depended on the number of cations which were symported with serine and on the rate of non-carrier-mediated serine efflux (passive diffusion) across the lipid membrane (5, 11) . A A seiJIAI ratio of 0.9 was measured. The mechanistic Na '-serine stoichiometry is thus most likely 1. Sodium ion or lithium ion concentration gradients could drive serine uptake in membranes of C. feri'idiis, while a ApH could not. This indicated that the amino acids are symported with Na+ or Li' ions rather than with protons. Na5-solute symport is rather common in bacteria living in Na+-rich environments and even in freshwater organisms (7) . High-affinity Na+-solute transport systems have been reported frequently. For example, in the enterobacterium E. coli, high-affinity Na+-solute symporters are found for serine, proline, and glutamate (7, 14) , and in the thermophilic Bacillits strain PS-3, such a symport exists for alanine (20) .
Na+ is the predominant ion for solute transport in marine, halophilic, and obligately alkalophilic bacteria (7) . In these organisms, often Na+-solute symporters with a low affinity for Na+ are found. A low-affinity Na' -serine-threonine transporter (K,,, of Na+ = 30 mM) has been observed in the ruminal bacterium Streptococcus bovis JB1 (30). C. fervidis, which has been described recently (28) , is a neutrophilic organism. The hot pool Rt4 from which this organism was isolated contained 16 mM Na5 (B. K. C. Patel, personal communication).
Because Na+ gradients appear to play an important role in energy transduction in C. ferviduts, the question arises how these gradients are generated. In fermentative bacteria, primary sodium pumps have been reported, such as membrane-bound decarboxylases (7) and membrane-bound Na' -K+-ATPases (2, 15, 17) . The most general mechanism, however, to create a chemical gradient of sodium ions is by the action of Na+/H+ antiporters, which convert a ApH into a A4rN,,. Na+/H5 antiporters have been described in thermophilic bacteria (13, 35) . The low steady-state level of uptake of L-glutamate in the presence of Na+ and zvp and the drastic stimulatory effect of monensin on the uptake of serine and glutamate suggests that a APINa, is not effectively generated by Na+/H+ exchange under the experimental conditions employed.
